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Impact of Aeration on Mixed Liquor
in Submerged-Membrane Bioreactors
for Wastewater Treatment
In submerged-membrane bioreactors (SMBRs) for wastewater treatment, aeration
with coarse bubbles is applied to limit fouling. The understanding of the different
mechanisms between aeration and fouling helps to manage the aeration policy.
The impact of aeration (macro scale) on shear stress and mixed-liquor properties
(local scale) is evaluated. Experimental characterization of gas-liquid flow in
membrane modules, computational fluid dynamics simulation, and controlled
breakdown of SMBR mixed-liquor samples are reported. Mean bubble velocities
were significantly lower in mixed liquor than in water and the shear stress was
one order of magnitude higher in mixed liquor than in water. The floc size
decreased and soluble protein concentrations increased with higher shear stress
values. Considering the known impacts of these mixed-liquor properties on foul-
ing, the obtained local results explain stronger fouling when coarse bubble aera-
tion increases.
Keywords: Aeration, Computational fluid dynamics, Extracellular polymeric substance,
Submerged-membrane bioreactor, Wastewater treatment
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1 Introduction
A membrane bioreactor (MBR) is a wastewater treatment
device that couples biological treatment and membrane filtra-
tion. Membranes achieve physical separation instead of the
sedimentation that occurs in the conventional activated sludge
process (CASP). This brings important advantages, such as
quality and better control of treated water and also intensifica-
tion of the process, i.e., smaller plant size. Interest in MBRs is
growing strongly, both from the research and commercial
points of view. However, one of the main drawbacks of the pro-
cess, which prevents it from spreading wider and faster, is
membrane fouling. Aeration near the membrane is most com-
monly used to limit fouling but it results in high energy con-
sumption, being around 30–50% of the total energy demand
[1, 2].
To decrease this demand and enhance submerged-mem-
brane bioreactor (SMBR) performance, knowledge is required
on how the aeration affects fouling. As pointed out by Drews
[3], research is often carried out at laboratory scale or with
model fluids, so numerical values cannot be transferred to full
scale or other plants. Consequently, there is a need to quantify
the local phenomena induced by aeration that impact fouling
to provide general trends:
– Turbulence can have a positive impact on fouling limitation
[4, 5], with particle back transport.
– Wall shear stress at the membrane surface promotes particle
removal [6–8].
– But shear stress induced by aeration of the liquid bulk can
lead to mixed-liquor breakdown, with a decrease in particle
size and release of extracellular polymeric substance (EPS)
[9, 10] and can have consequences that are detrimental for
filtration performance.
Knowledge regarding purely hydrodynamic mechanisms is
growing thanks to computational fluid dynamics (CFD). Wei
et al. [11] have drawn up a table of works previously presented
in the literature, which can be completed by Tab. 1.
The link between the local phenomena and fouling still
needs to be studied although much information is already
available: several reviews have tackled the issue of fouling in
MBRs [3, 18–20] and the local impact of aeration on fouling,
with a focus on hydrodynamics, has been reviewed previously
[21].
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Table 1. Summary of CFD modeling and associated experimental work on two-phase flow in various membrane modules since 2013.
Module type Simulation model Experiment Highlight Ref.
FS MF 3D, VOF, nonuniform grid,
mass and momentum equations
for each phase
Different bubble sizes (100mL),
Newtonian rheology
Successful simulation of slug
bubble in flat-sheet MBR
channel. Shear stress in wake
region was more intense.
Activated sludge viscosity effect
found to be minor.
[11]
1. Side stream,
2. HF,
3. hollow sheet,
4. rotational cross flow
RANS, k-e, diphasic mixture
model, calculations with water,
recalculation of shear stress using
shear rate and power-law model.
Electrochemical shear probes Four cases of different MBR
configurations are studied using
CFD. Shear stress increases with
higher air flow rate for SMBR.
Higher shear stress for rotational
MBR (4–11 Pa versus 1–5 Pa with
power law rheology). The hollow
sheet has a higher power
consumption for the same fluid
flow rate.
[12]
FS 3D, k-e turbulent closure
equation, two-phase mixed-
liquor/air, Euler/Euler. Bingham
model for mixed liquor.
200-L Pilot: comparison of the
TMP evolution
Fouling model that predicts
distributed shear, cake, and flux
profiles. Shear distribution
profile predicted via multiphase
computational fluid dynamics.
Model includes dynamic linking
of flux and transmembrane
pressure. Predicts fouling
dynamics with a broad range
of scenarios.
[13]
Airlift FS 3D RANS, k-e turbulent closure
equation, two-phase water-air,
Euler/Euler
Lab-scale, PIV, water-air, Baffle location (front, side, or
both) and size had significant
effects. Side baffles were more
effective in elevating membrane
surface shear. Maximum shear
was obtained with both front and
side baffles of optimized size.
Role of baffles was more promi-
nent at lower aeration intensities.
[14]
FS 3D RANS, three- phase.
Newtonian viscosity function
of phase concentration.
Liquid velocity (lapis powder
tracer with camera) and gas
holdup.
Investigation of the effect of
sparger configuration on various
hydrodynamic parameters.
Higher cross-flow velocity
(0.7–1.1m s–1) between
membranes and shear stress on
membranes (5–9 Pa) were
achieved when the sparger was
placed at the bottom of the
bioreactor rather than at the
entrance of the module.
[15], [16]
HF Porous media model for the fiber
bundle. RANS k-e; diphasic
Euler/Euler; sludge viscosity
using Ostwald-de Waele model
PIVand high-speed camera;
water-air
Mixed liquor modeled as single
phase. Rheological models
established for sludge in the
absence and presence of iron.
Empirical correlations built for
fibers with various diameters and
packing densities. Fe(II) addition
directly to the membrane zone
results in higher shear stress.
[17]
FS: flat sheet, HF: hollow fibers, MF: microfiltration, PIV: particle image velocimetry, TMP: transmembrane pressure.
A major gap in knowledge on the relationship between
aeration and fouling concerns the link between the impact of
aeration and the evolution of the mixed-liquor properties.
Many works dealing with fouling and aeration in SMBRs
have focused on hydrodynamics and were consequently car-
ried out with simulated suspensions, such as bentonite, latex,
baker’s yeast, etc., to make the observations easier. This
approach has been extended to large MBRs [22, 23], and
some generic data and observations have been produced: aer-
ation can have an impact on microbial aggregate properties
related to fouling, such as EPS concentrations or floc size,
through hydrodynamic shear stress. In their review, Liu and
Tay [24] examined the effect of hydrodynamic shear forces
in the formation of biofilm and granular sludge. Their con-
clusions confirm the influence of hydrodynamics on biologi-
cal properties and the demand for a better understanding of
these links.
The results of some studies investigating hydrodynamic con-
ditions in connection with the evolution of EPS concentration
combined with fouling of an MBR are summed up in Tab. 2.
As the various conclusions presented above show, no global
trend can be deduced from these studies dealing with the link
between aeration and mixed-liquor properties. Of course, sev-
eral reasons can be identified for this situation, and they should
help us to set up the main lines of the study. Operational
parameter ranges vary from one study to another: first of all,
the parameters influencing the biological kinetics, such as the
variability of feed composition (real or synthetic) or load often
depend on the device used (laboratory or plant scale). Concern-
ing the parameter linked to aeration characterization, it should
be noted that some specific aeration demands are rather high
compared to those given in the Amedeus project report D1 for a
full-scale plant, which are in the range of 0.15–1m3m–2h–1
(mainly 0.15–0.65m3m–2h–1) for the specific aeration demand
Table 2. Influence of aeration and/or shear on EPS concentration evolution combined with fouling of MBR.
Module type Aeration flow rate [L h–1] SADm [m
3m–2h–1] Shear rate [s–1] Highlight Ref.
HF 0–240 0–24 Contribution of solutes and colloids to
fouling increased with air flow rate while
that of MLSS decreased.
[9]
HF 150, 400, 800 1.5, 4, 8 In the long term (up to 400 h), less fouling
obtained by MBR with medium air flow
rate, compromise of opposite effects of
aeration: cake layer removal and breakage
of sludge flocs.
[10]
Carbohydrate/protein ratio increased with
an increase in shear stress
[24]
WWTP sludge 800 Activated sludge flocs with higher carbohy-
drate/protein ratios are more stable.
[25]
HF 40, 80, 120 0.27, 0.53, 0.8 An increase of aeration implied higher
concentration and lower protein/carbo-
hydrate ratio for soluble EPS, both lower
concentration and lower ratio for bound
EPS, and lower fouling.
[26]
Biofilm MBR 0.84–6.74 Increase of air flow rate with increase of
mixed-liquor breakage and of colloidal
fraction. Aeration beneficial for filtration,
with a plateau region of efficiency for
SADm above 3.37m
3m–2h–1
[27]
WWTP sludge 1840 In short-term experiments (6 h), high shear
rate resulted in an increase of protein
concentration.
[28]
FS 160, 1124 In long-term experiments (56 and 134
days), the highest shear rate reduced the
concentration of bound and soluble EPS
and fouling.
[28]
FS 60 1 Higher shear stress resulted in a thinner,
denser, and less permeable biofouling layer,
with less heterogeneity and roughness and
with more EPS contents.
[29]
FS: flat sheet, HF: hollow fibers, MF: microfiltration, WWTP: wastewater treatment plant.
related to membrane surface (SADm)
1) and
10–65m3m–3 (mainly 10–25m3m–3) for the
specific aeration demand per unit of per-
meate produced (SADp, equal to the air
flow rate per volume of permeate pro-
duced). As SMBR configurations differ, the
same aeration settings do not induce the
same hydrodynamic patterns, or mixed
liquor and fouling behavior, highlighting
the importance of working at local scale,
taking floc size and strength into account.
The work presented here is a first
attempt to use a global approach intended
to overcome these drawbacks. Its purpose
is to establish the influence of operational
parameters on local-scale phenomena re-
lated to sludge characteristics and their
consequences on membrane fouling under
operational conditions that are as close as
possible to those of industrial plants. This
approach requires three main steps, which
are further developed:
– Hydrodynamic characterization: experi-
mental determination of bubble veloci-
ties and sizes (intermediate-scale param-
eters) for various air flow rates (macro-scale parameter) in
both water and mixed liquor.
– CFD simulations: comparison with experimental results for
validation and quantification of shear stress imposed on
mixed liquor (local-scale parameter).
– Controlled breakdown of mixed liquor: influence of shear
stress on properties of mixed-liquor samples, related to foul-
ing: floc size and soluble EPS concentrations (local-scale
parameter).
The global approach is presented in Fig. 1. The parameters
studied are on the right-hand side of each frame, the means
employed in the method are in bold italics, and the four steps
addressed here are noted in the rectangular frames. The meth-
odology is described in more detail in the next section, with
reference to papers dealing with technical issues.
Most of the studies published in the literature deal with only
one step of this whole approach. Our research focuses on a
general approach in the hope of achieving standardization and
generalization, which is a recurrent problem cited in reviews
dealing with SMBRs and fouling [3, 19–21, 30]. This approach
aims to go from a macro parameter, such as air flow rate (oper-
ating parameter), to the quantification of local phenomena,
e.g., shear stress on the bulk, and their impacts on mixed-liquor
properties and fouling.
2 Materials and Methods
2.1 MBR Devices and Mixed-Liquor Samples
Mixed liquors from two different MBRs were employed. The
first one, ML1, was used for tests and validation and came from
a full-scale plant in Nailloux, France. The SMBR was fed with
domestic wastewater from a treatment plant with a capacity of
4500 P.E. The filtration device was composed of four PURON
hollow-fiber modules of 500m2 each with a nominal pore size
of 0.05 mm. The MBR was operated under continuous mem-
brane aeration, with a sludge retention time of about 100 days
and a mixed-liquor suspended solids (MLSS) between 7 and
9 g L–1. ML1 was taken for the hydrodynamic characterization
of air/mixed-liquor flow, where large amounts were needed.
The mixed liquor for the parametric study (ML2) was pro-
vided by the laboratory-scale device (15 L) operated in our lab-
oratory in semi external configuration with Polymem modules,
using a method close to that described by Lorain et al. [31] with
real domestic wastewater, having an MLSS between 8 and
10 g L–1. The hollow fibers were made of polysulfone and had a
nominal pore size of 0.08 mm. The membrane modules had a
surface area of 0.225m2. The aeration intended to limit fouling
was in the range of 75–225 L h–1, which corresponds to an
instantaneous SADm range of 0.33–1m
3m–2h–1, close to the
range used in full-scale plants. These air flow values served as a
basis for hydrodynamic characterization and simulation. The
air flow rate was measured and controlled with a Brooks Sho-
Rate R2-15-C flowmeter with a Carboloy float. ML2 was
employed for controlled breakdown tests, when analysis
needed to be done in a short time after the sampling.
Both mixed-liquor samples were characterized rheologically
and simulated in CFD (cf. Sect. 2.3.4).
Figure 1. Global approach and steps to link operational parameters to fouling.
–
1) List of symbols at the end of the paper.
2.2 Hydrodynamics Characterization
The hydrodynamics was characterized by the bubble size and
velocity. Two different modules were used as illustrated in
Fig. 2, depending on the fluid studied:
– Observation module: a specific device was built for air/water
flow studies in order to obtain a better quality of image. Hol-
low fibers were replaced by transparent shrink seal tubes
(ACLP, France), which enabled a backlight (DEL panel) to
enhance the contrast between fibers and bubbles (Fig. 3 a).
– Filtration module: for air/ mixed-liquor flow, the filtration
module used in the pilot device enabled the slug velocities to
be estimated. The turbidity of the mixed liquor made the
interface less clear than in the air/water case. However, as
the flow was confined, slugs could be seen between the trans-
parent pipe and the hollow-fiber bundle by transparency
(Fig. 3 b). Determination of the interface by a gray level
threshold enabled this device to give a reliable estimation of
bubble velocity in the mixed liquor.
The observation module was developed in order to obtain
properties as close as possible to those of the filtration module.
For this, the number of fibers was set to give the same packing
density. The characteristics of the two modules are summarized
in Tab. 3.
Images were acquired with a fast camera (Motion Blitz Cube
2, Mikrotron), taking up to 500 frames per second with a frame
size of 1024 ·1280 pixels. Images were processed with the
image processing program ImageJ. A ruler was used for the
conversion from pixel to real size (cm).
First observations showed that the flow pattern was close to
slug flow, with mainly large, bullet-shaped bubbles, commonly
known as Taylor bubbles (see Figs. 3 a and 3 b), accompanied
by some smaller bubbles. This study focused on the Taylor
bubbles as they are mainly responsible for the hydrodynamic
properties of the flow in confined configurations. They have a
higher rising velocity and thus lead to higher shear stress in the
surrounding fluid than the small bubbles. The bubble velocity
was deduced from the bubble nose positions and the bubble
length was estimated from the size of the box bounding the
bubble (Fig. 3 c).
In order to allow comparison of our experi-
mental results with those of the literature, care
was taken to focus on generic studies. The clos-
est configuration found appeared to be annular
flow. Although this comparison may seem to
be based on rather broad similarity, the fiber
bundle can, in fact, be considered as a full cyl-
inder, i.e., a nonporous and non-moving zone.
The first camera observations showed that
most of the slugs flowed between the cylindri-
cal pipe and the bundle. Only a few bubbles
flowed through the bundle itself, so our as-
sumption was close to physical reality.
Concerning slug flows, three limiting cases
have been identified by Wallis [32] for a bubble
rising in a stagnant fluid. They are defined
from two dimensionless numbers, namely, the
Eo¨tvo¨s number and the dimensionless inverse
viscosity. An estimation of these numbers
allowed it to be sure that the regime studied here experimen-
tally was inertia-dominated, which was confirmed visually by
the concave tail shape of the bubble. The surface tension value
a) b)
Figure 2. (a) Filtration module with hollow fibers, (b) observa-
tion module with transparent shrink seal tubes.
Table 3. Module properties.
Parameter Filtration
module
Observation
module
Internal diameter [mm] 37 37
Height [mm] 450 450
External diameter of fibers [mm] 1.45 1.93
Number of fibers 111 68
Membrane surface area [m2] 0.225 0.185
Packing density [%] 17.04 18.95
c)b)a)
Vertical position 
of bubble nose 
Bubble 
length 
Figure 3. Images of flows: (a) air/water, (b) air/mixed liquor, (c) with estimation of
bubble characteristics.
thus had very little influence and water surface tension was
used for mixed-liquor simulations.
This flow regime is well-documented for cylindrical tubes
[33] and the dimensionless bubble velocity, which is a Froude
number, is constant in this case: Urise=
ﬃﬃﬃﬃﬃﬃ
gD
p ¼ Fr ¼ 0:35 where
D is the tube diameter and g is the acceleration of gravity. Das
et al. [34] extended these results to Taylor bubbles in coaxial
cylinders and showed that for air/water flows:
Urise ¼ 0:323
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
gðDext þ DintÞ
p
(1)
where Dint and Dext are the inner and the outer diameter of the
annulus (m), respectively. It is worth noting that the generaliza-
tion of the Froude number to annular geometries as demonstrat-
ed by Das et al. [34] does not involve the hydraulic diameter or
the gap, but the quantity (Dint+Dext). A comparison of the
hydrodynamic conditions used here with those described by Das
et al. [34] led to the conclusion that the constant Froude number
regime observed by these authors could be applied to the present
experiment and thus the rising velocity could be estimated. This
gave a value of 0.25m s–1 in the configuration studied, using the
fiber bundle diameter asDint. This will be discussed later.
Two distinct cases were considered:
– Single bubble, i.e., the case of one bubble rising in a stagnant
fluid. This case was the easier one to treat, experimentally as
well as numerically. It was closer to known academic situa-
tions and allowed comparison with the previous correlation
[34]. This measurement was only performed for air/water
flow.
– Slug flow, which constituted a more practical case. In this
case, and for a given air flow rate, there was not a single ris-
ing velocity, i.e., a velocity identical for all the bubbles, but a
distribution of velocities as bubbles influenced each other.
Velocities were estimated considering more than 15 bubbles
in each case (each flow rate, each liquid).
2.3 Numerical Simulations
2.3.1 Geometry and Meshing
The geometry and the meshes were established with the
ANSYS Workbench software, respectively, with Design Model-
er and Meshing. Considering the remarks in the previous part,
the geometry of the domain was annular and the membrane
bundle was simulated as a wall. Some authors have simulated
the hollow-fiber bundle as a porous medium [35, 36]. This was
not done in our case since it was not necessary for the pro-
posed approach and was time-consuming from the computa-
tional point of view. The dimensions were: 0.0125m inner radi-
us (outer radius of hollow-fiber bundle), 0.0185m outer radius
(inner radius of cylindrical pipe), 0.45m module height.
Mesh independency was tested as follows. Meshes were
retained following a criterion of non-evolution for the bubble
rising velocity when the mesh was refined (variance of less than
5%). As a result, two different meshes were used: an intermedi-
ate mesh for air/water simulations and a refined mesh for air/
mixed-liquor ones. The main characteristics of the meshes used
are described in Tab. 4 (structured meshes).
2.3.2 Fluent Parameters
Numerical simulations were carried out with the CFD code
ANSYS Fluent 12.1. Given the fact that this work focused on
the slugs to characterize the two-phase flow, which led to large
air retention values, the volume-of-fluid (VOF) method was
selected. As the two-phase flows studied were associated with
transitional Reynolds numbers, particularly for air/ mixed-
liquor flows, the Re normalization group (RNG) k-e turbulence
model that accounts for effects occurring at low Re numbers
was selected. This choice was confirmed a posteriori by the cal-
culation of a bubble Re number (water density ·Urise ·bubble
equivalent diameter/water viscosity), the maximal value of
which is 6000. It has already been used for several CFD simula-
tions related to MBRs [36, 37]. Simulations were performed in
transient mode with variation of the time step depending on
the Courant number which was set at 0.25. They were carried
out on a four-processor PC with a mean computational time of
five days.
2.3.3 Simulation Cases
The cases of a single bubble and two bubbles were investigated,
considering the second bubble as representative of any bubble
in a bubble swarm. This choice was made because (i) in the
experiments, the first bubbles were hemispherical, whereas the
other bubbles in the swarms were bullet-shaped, so there was a
substantial difference between them; (ii) the second simulation
bubble described all the velocities of the bubbles of the experi-
mental swarm. This first approximation could be improved in
further works.
2.3.3.1 Single Bubble
Simulations were initialized with stagnant liquid. The domain
was filled with liquid and an air fraction corresponding to the
bubble size and shape was initialized at the bottom of the mod-
ule. This method did not take phenomena such as bubble for-
mation, coalescence or break-up near the air injection into
account. However, it matched reliable Courant numbers
(Co ¼ velocity · time step
grid step
< 1) with time steps that would lead to
convenient simulation times. Simulations were considered as
complete when the bubble velocity and its wake were stabi-
lized.
Table 4. Meshes used.
Element/Meshing Intermediate Refined
Membrane & Carter 80 90
Annular space 12 15
Module height 300 350
Number of elements 288 000 472 500
2.3.3.2 Slug Flow
Slug flows were simulated by a periodic cell of two bubbles.
These simulations were initialized with the stabilized results of
the single-bubble simulation. A second bubble was initialized
in its wake without any velocity, using the patch method. The
second bubble accelerated in the wake of the first one. The
velocities reached by the second bubble swept the velocity
range measured in the hydrodynamic characterization for the
different air flows tested. On this basis, the second bubble
behavior in the simulations run with two bubbles was consid-
ered to give a good representation of the flow that occurred in
membrane modules and of the shear stress acting on microbial
aggregates. The calculation of slug velocity and induced shear
stress is detailed in Sect. 2.3.5.
2.3.4 Simulation of Mixed-Liquor Behavior
Most CFD studies are performed considering water as the liq-
uid or simulating mixed liquor as a Newtonian fluid with a
constant viscosity depending on the MLSS concentration. The
non-Newtonian nature of activated sludge flows [38] is not
considered in these cases. The works [13], [17], and [39]
should be mentioned as exceptions as they simulate two-phase
flows in SMBRs with mixed liquor as a non-Newtonian fluid,
using a Bingham [13] and Ostwald-de Waele/power law equa-
tion [17, 39].
Following this trend, rheological tests were carried out to
determine the best model available in Fluent that matched the
mixed-liquor behavior and the parameters required as input for
this model. A Mars III rheometer (Thermo Scientific) equipped
with serrated plates to avoid slip and a gap of 1.5mm was used.
The protocol comprised two phases: an increase of shear stress
from 0.01 to 3 Pa in 240 s and a symmetric decrease. Mixed
liquor showed slightly thixotropic behavior which, as a first
approach, was not considered in this study. For this reason, only
the increasing shear stress region was studied (Fig. 4). The rheo-
logical behavior of mixed liquors ML1 and ML2, whatever the
sampling date, was viscoplastic, as can be seen in Fig. 4 for results
obtained with ML2. The yield stress measured for
the various samples ranged from 0.2 to 1.6 Pa. This
difference was attributed to differences in nature
andMLSS concentrations [38].
Regarding the numerical simulation, the visco-
plastic behavior identified for mixed liquors pre-
sented a singularity as the viscosity became infinite
for zero shear rate. This was overcome by applying
regularized models, all of them based on a finite
zero-shear-rate viscosity h0 obtained by clipping
the viscosity in the region of very low shear rates
without impacting regions having moderate to high
shear rates. Among these, the bi-viscosity model
and the Papanastasiou model are the best-known
but the Carreau model, although defined simply
for a shear-thinning fluid, can also be used. This
model is defined by the following equation:
h ¼ h
¥
þ ðh0 ÿ h¥Þ ð1þ ðl _gÞ2Þ
ðnÿ1Þ=2
(2)
where h¥, h0, l, and n are the infinite shear-rate viscosity
(Pa s), the zero shear-rate viscosity (Pa s), the time constant (s),
and the flow index, respectively. As long as the flow index is
low, typically less than or equal to 0.1, and the ratio h0/h¥ is
high, this equation is able to represent the drastic increase of
the viscosity when the shear rate approaches zero.
Considering the identified viscoplastic behavior, the most
convenient rheological model seemed to be the Herschel-
Bulkley one. Nonetheless, it did not appear to be the best to
model the rheological behavior of the mixed liquor over a large
shear rate range. Fig. 4 presents the best fitted curves for ML2
for the Herschel-Bulkley model, the Carreau model, and the
power-law model (fit on the range: [0.01 s–1; 350 s–1]).
The power law, although largely used, is clearly not appropri-
ate here. The Carreau model appears to be the most suitable
for the sludge studied, particularly for regions of very low and
high shear rates, where the fit with experimental points is fairly
good. Moreover, as considered here, it is a regularized model,
i.e., without infinite viscosity when the shear rate is zero,
whereas this still remains to be achieved with the Herschel-
Bulkley model. Therefore, the Carreau model was chosen for
simulations and the parameters for ML1 and ML2 are pre-
sented in Tab. 5.
A higher MLSS led to an increase of the viscosity terms h¥
and h0. Nevertheless, the rheological behaviors of both mixed-
liquor samples were best fitted by the Carreau model, which
exhibited good agreement.
Figure 4. Comparison of rheological models fitted on experimental data.
Table 5. Carreau model parameters for mixed-liquor samples.
Mixed-liquor sample ML1 ML2
MLSS [g L–1] 5.0 8.6
h0 [Pa s] 5.4 23.2
h¥ [Pa s] 0.0036 0.0059
l [s] 49.4 62.7
n 0.10 0.10
As explained in Sect. 2.2, the mixed-liquor surface tension
and density used for simulations were the values for water,
namely, 73mNm–1, 1000 kgm–3, respectively. Since the flow
regime was inertia-dominated, surface tension had very little
influence on the results and the variations of density were neg-
ligible (0.1%).
2.3.5 Results and General Considerations
The influence of the shear stress on mixed liquor was analyzed
through the stress tensor magnitude t (Pa). It was calculated
from the velocity field V, using the constitutive equation for
generalized Newtonian fluids:
t ¼ 2h _gð ÞD (3)
where t is the extra-stress tensor, D ¼ 1
2
ÑV þ ÑVð ÞT
 
is the
strain rate tensor, h is the dynamic viscosity (Pa s), and _g (s–1)
is the magnitude of the rate of strain tensor with
_g ¼ ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ2 trðD2Þp .
For mean values, the shear stresses were averaged over the
wake zone following each bubble. Maximum values were also
defined on this zone. Bubble velocities were determined with
average values over zones defined using the Fluent isoclip tool
with an air-volume fraction above 0.9.
2.4 Sludge Breakdown Tests
To examine the influence of the stress imposed by aeration,
samples of mixed liquor were subjected to a shear stress for
225 s, which was the duration of aeration imposed in our pilot
SMBR. The imposed shear stresses were in the 0.05–12 Pa
range. This was done using an AR 2000 rheometer (TA instru-
ments) equipped with concentric cylinders. The choice to use
this rheometer was made because this configuration allowed a
larger quantity of mixed liquor to be treated, thus enabling its
properties to be measured after shear imposition.
A morphogranulometer (Morphology G3, Malvern instru-
ments SA), which combined microscopy, camera acquisition,
and image processing, was employed to estimate the volume
mean diameter of the flocs, D[4,3]. To decrease the number of
particles for camera acquisition, 1mL of each mixed-liquor
sample was diluted ten times with permeate from the pilot
plant, just after shear stress imposition. The protocol relative
error measured on three samples was between 2.5% and 8.5%
depending on the morphological parameter.
The remaining destructured mixed liquor was centrifuged at
4200 g just after shear stress imposition to collect the soluble
microbial products. Samples were stored at 4 °C. The bicincho-
ninic acid method [40] was applied to measure the protein
concentrations and the anthrone method [41] to determine the
carbohydrate concentrations. Measurements were made in
triplicate.
The objectives of this intermediate step using a rheometer
were to obtain a calibrated shear and to perform the tests with
the same mixed liquor. Thus, only the influence of the shear on
mixed-liquor properties was considered.
3 Results and Discussion
3.1 Hydrodynamic Characterization
3.1.1 Single Bubble in Water
The first bubble velocity was measured with the observation
module for each air flow rate and is presented in Tab. 6.
As expected, the measured velocities increased with the air
flow rate. They were slightly higher than that given by the cor-
relation of Das et al. [34]. These discrepancies may be
explained by the design of the air supply device, which induced
an increase of water velocity with higher air flow rate, and by
the movement of fibers due to bubble impacts. They created
forces on the hollow-fiber bundle and could enlarge their path-
way. However, because of the relative accuracy of Das’ correla-
tion, this study modeled the hollow-fiber bundle as a cylindri-
cal wall. This assumption did not allow hydrodynamics inside
the bundle to be characterized but the objective of CFD simula-
tions carried out in this study was to evaluate shear stress in
the bulk.
3.1.2 Experimental Comparison of Air/Water and Air/
Mixed-Liquor Hydrodynamics
When considering a swarm of bubbles where bubbles influence
one another, a velocity distribution appears. Fig. 5 presents this
distribution for the three air flow rates tested for both water
and mixed liquor. Bubble velocity measurements in the mixed
liquor were made with ML1, using the observation module.
The evolution of hydrodynamic parameters with air flow rate
follows the same trend for air/water and air/ mixed-liquor
flows: most cases present a fairly spread distribution centered
on mean values, both for water and mixed liquor. These mean
values increase with air flow rate, from 0.45 to 0.58m s–1 in
water and from 0.33 to 0.43m s–1 in mixed liquor.
A study of two-phase flow hydrodynamics in mixed liquor
(8–10 g L–1, the same MLSS range as in the present study)
reported on bubble velocities being 15–20% lower than in
water [39]. Although the velocities found in this study are not
directly comparable to those of Drews et al. [39] because of the
difference of configuration, namely, hollow fiber versus flat
sheet, and the fact that different cases are considered, i.e., slug
flow versus isolated bubble, a similar trend is observed, with
mean velocity values being 18–26% lower in mixed liquor. This
Table 6. Single-bubble terminal velocity according to air flow
rate.
Air flow rate [L h–1]
75 112.5 225
Terminal velocity [m s–1] 0.274 0.303 0.307
Deviation from correlation [%] +8.7 +20.2 +21.8
trend has its importance as it validates the CFD simulation in
mixed liquor and its good modeling of rheological behavior.
3.2 CFD Simulations
3.2.1 Simulation Validation for Air/Water Flow
The first step of the CFD simulations was a validation for the
air/water case, which was carried out by considering the slug
velocities. Tab. 7 compares the simulated, experimental, and
correlation (provided by Das et al. [34]) velocities for different
bubble sizes for air/water flow. The simulation results are in
good agreement with the correlation and experimental values,
which validates the air/water case.
3.2.2 Simulation Validation for Air/Mixed-Liquor Flow
For the case of a single bubble in mixed liquor, validation was
based on the trends observed experimentally for ML1. Using
the corresponding parameters (see Tab. 5), in CFD simulations,
the mean velocity of a 2-cm bubble was 0.23m s–1 in mixed
liquor and 0.27m s–1 in water, i.e., the velocity was 15% lower
in mixed liquor than in water. This corresponds to the trend
observed experimentally for slug flow and found by Drews
et al. [39] for single bubbles, with rather good agreement. It
confirms, firstly, that the viscosity
has an important effect on this flow
and, secondly, that modeling mixed
liquor with a fluid corresponding
to the Carreau model rheology is a
suitable assumption.
3.2.3 Simulation Results
The general pattern of two-phase
flow is that the fluid rises on the
bubble side and comes down-
stream on the opposite side. This
pattern could be assimilated to
an airlift cell in the bubble’s zone
of influence. A second remark
that can be made regarding the
qualitative analysis is that the
zone of influence of the bubble is
smaller in mixed liquor than in
water, for both the wake and the recirculation region as
illustrated in Fig. 6.
These observations were made for single bubbles, as the
results were clearer and simpler to interpret without bubble
interactions. The trend was the same when two bubbles were
considered for slug-flow simulation.
The latter case is more interesting from a quantitative point
of view, as it is more representative of real flow in membrane
modules. The acceleration of the second bubble initialized in
the stabilized wake of a first bubble enabled to scan almost the
entire velocity range observed experimentally in the previous
part (Fig. 5). Both mean and maximum values of the shear
stress were determined on a volume that included the bubble
and its wake for each bubble.
The global trend was for mean and maximum values to
increase with bubble size and velocity. Given that greater bub-
ble size and velocity were observed at higher air flow rate,
increasing the aeration, in the studied range, may have led to
higher stress on the bulk and potentially to a greater break-
down of the mixed liquor.
The comparison between air/water and air/mixed-liquor also
provided some interesting information. Tab. 8 summarizes the
shear stress values according to bubble velocity in the two fluids
for a 5 cm long slug initialized in the wake of a 2 cm long bubble.
Figure 5. Bubble velocity distributions according to fluid and air flow rates. W: water; ML: mixed
liquor; Q1 = 75 L h–1; Q2 = 112.5 L h–1; Q3 = 225 L h–1.
Table 7. Comparison of simulated, experimental, and correla-
tion [34] velocities for air/water flow.
Bubble length [cm] Bubble velocity [m s–1]
Simulated Correlation Experimental
1 0.24 0.25 0.27–0.31
2 0.27 0.25
3 0.28 0.25 Table 8. Mean and maximum values of shear stresses accord-
ing to bubble velocity for a 5-cm long slug and fluid.
Water Mixed-liquor 2
Bubble velocity
[m s–1]
Shear stress [Pa] Bubble velocity
[m s–1]
Shear stress [Pa]
Mean Max. Mean Max.
0.37 0.07 1.20 0.28 0.98 8.86
0.45 0.09 1.31 0.40 1.05 6.88
0.51 0.11 1.35 0.46 1.09 9.75
0.62 0.16 1.65 0.56 1.14 11.1
It is noticeable that the maximum shear stress values found
for air/water flows in this study are close to those found in the
literature. CFD simulations have been reported for two-phase
flow modeling in tubular [37] and flat sheet [15, 42, 43] mem-
branes, which estimate wall shear stress. These simulations
provide maximum values in the 0.7–4 Pa range for air/water
flows. Similarly, Martinelli et al. [44] found a maximal value of
0.25 Pa for air/water flow in a hollow-fiber configuration. Our
simulations are in good agreement with these values, which
indicates that the results presented are reliable, thus allowing to
moving forward to the next simulation phase.
It is of particular interest to deduce from Tab. 8 that the shear
stresses were one order of magnitude higher in mixed liquor
than in water, with values of around 1 Pa in mixed liquor against
0.1 Pa in water for mean values, and around 10 Pa in mixed
liquor against 1 Pa in water for maximum values.
For comparison:
– Wei et al. [11], who used a Newtonian model for viscosity,
found the maximum value of shear stress of around 5 Pa at
the membrane wall for very large bubbles, the influence of
this rheology being small.
– Ratkovich and Bentzen [12], who used a power law model to
recalculate shear stress from a water/air simulation, found
shear stresses of between 2 and 5 Pa for the SMBR case.
– Amini et al. [15], who used a viscosity function of the distri-
bution of the solid, found a maximum mixed-liquor shear
stress of around 9 Pa.
– Liu et al. [17], who applied an Ostwald-de Waele model for
the viscosity and considered small bubbles, found a shear
stress lower than 2 Pa.
– In an experimental work, Bo¨hm and Kraum [45] measured
the shear stresses caused by a xanthan solution, following an
Ostwald-de Waele shear-thinning rheological approach, on a
flat sheet membrane using an electrodiffusion method. They
found shear stress median values of 3.2 Pa and maximum
values of up to 9.1 Pa.
This observation has consequences regarding practical
issues. The estimation of maximum wall shear stress is not
the same for mixed liquor and water. Although air/water
simulations are necessary for the fundamental understanding
of the phenomena involved in the process performance, this
difference highlights the importance of taking the rheological
behavior of mixed liquor into account in order to estimate
the flow properties and provide values transposable to full-
scale plants. The size of the bubbles seems to have quite an
important influence on shear stresses, with coarse bubbles
giving higher shear stress values. The values obtained for
ML2 served as a basis for comparison in controlled break-
down tests.
3.3 Controlled Breakdown of Biological Media
The results of controlled breakdown tests are presented in
Fig. 7 with the evolution of the floc D[4,3] and of the soluble
EPS concentrations versus shear stress.
The yield stress measured for the ML2 sample considered
was 1.6 Pa and stressing with this value corresponded to the
maximum floc D[4,3] value. For higher shear stresses, the floc
D[4,3] decreased. It should be noted that the floc D[4,3] was
also lower for shear stress below the yield value, i.e., 0.1 and
1.1 Pa, for which the shear rate was theoretically zero, and was
measured to be around 10–4 s–1 in practice. The fact that the
flow first promoted particle aggregation and then led to floc
breakdown when it became too high could account for these
results. From the yield value of 1.6 Pa to the maximum shear
stress imposed of 10 Pa, the floc D[4,3] decreased from 157 to
92 mm. For comparison, a strength and breakage study of acti-
vated sludge floc from a WWTP showed a destructuring shear
stress around 3 Pa [46].
Soluble protein concentrations increased with shear stress,
from 20–25mg L–1 below the yield stress to 46mg L–1 at 10 Pa.
Carbohydrate concentrations remained almost constant, with
values around 30–35mg L–1. This trend is very close to that
observed by Menniti et al. [28], with a release of protein under
higher shear applied in the short term but no release of carbo-
hydrates, correlated with higher fouling in their study.
Figure 6. Velocity profiles for a 2-cm long slug on bubble and recirculation sides; W: water, ML: mixed liquor. Po-
sitions of the profiles in a top view of the membrane module.
An impact of shear stress on mixed-liquor properties, partic-
ularly floc D[4,3] and soluble protein concentrations, was high-
lighted by these tests in a range of shear stress values from 1.5
to 10 Pa. This range corresponds to stresses between the mean
and maximum value evaluated by CFD simulations. Thus, aer-
ation imposed on an industrial range of parameters (SADm)
may lead to mixed-liquor breakdown in the short term.
4 Conclusions
This study has aimed to bridge the gap between macro and
local scale by establishing relationships between the operating
parameter (air flow rate), the hydrodynamics at macroscopic
scale (slug bubble sizes and velocities observed experimen-
tally with a fast camera), the hydrodynamics at local scale
(shear stress on mixed-liquor bulk estimated numerically),
and the properties of the biological medium (floc size and
soluble EPS). Important insights have been gained on all the
issues tackled:
– The simulation of mixed-liquor samples from SMBRs as
Carreau fluids was a convenient assumption.
– Differences in hydrodynamics between air/water and air/
mixed-liquor flows were highlighted. (i) Experimentally: slug
velocity was 18–26% lower in mixed liquor than in water in
the air flow rate range tested. (ii) Quantification of shear
stresses on the bulk showed that they were one order of
magnitude higher in mixed liquor, namely, around 1 and
10 Pa, respectively, for mean and maximum values, than in
water with around 0.1 and 1 Pa, respectively, for mean and
maximum values.
– Controlled breakdown of mixed-liquor samples showed that
an increase of shear stress induced a floc D[4,3] decrease
and, to a lesser extent, an increase of protein in soluble EPS.
These shear stresses corresponded to those estimated
numerically for the air flow rate imposed on our pilot plant,
which was close to the range of
aeration parameters used in full-
scale plants.
Although coarse bubble aeration
is a good method for limiting foul-
ing on SMBRs, a too high flow rate
not only implies higher costs but
may also have a detrimental effect
on fouling because of floc breakage.
A local impact of the increase of aer-
ation flow rate was demonstrated.
The bulk shear stress produced may
rise to the range that modifies the
mixed-liquor properties in a sense
that is known to have a negative im-
pact on fouling: decrease of floc size,
increase of protein concentration. If
these results are confirmed with a
full-scale design, it would then be
convenient to determine the thresh-
old by a simple rheological test and
characterize the minimum air flow
depending on the bundle design.
Further work is required to verify this study at full scale, to
fully define the relationship with fouling and to quantify the
importance of biological local mechanisms compared with the
other local mechanisms like turbulence and wall shear stress.
The authors have declared no conflict of interest.
Symbols used
Co [–] Courant number
D [–] strain rate tensor,
1
2
ÑV þ ÑVð ÞT
 
D[4,3] [m] volume mean diameter of the flocs
Dint, Dext [m] inner and outer diameter of an
annulus
Fr [–] Froude number
g [m s–2] acceleration due to gravity, 9.81
n [–] flow index
SADm [m
3m–2h–1] specific aeration demand related to
membrane surface
SADp [–] specific aeration demand related to
permeate volume
Urise [m s
–1] rising velocity
V [m s–1] velocity field
Greek letters
_g [s–1] magnitude of the rate of strain
tensor,
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2 tr D2ð Þp
l [s] time constant
h [Pa s] dynamic viscosity
h¥ [Pa s] infinite shear-rate viscosity
h0 [Pa s] zero shear-rate viscosity
t [–] extra-stress tensor
Figure 7. Evolution of floc D[4,3] and soluble EPS concentrations with shear stress.
Abbreviations
CFD computational fluid dynamics
EPS extracellular polymeric substances
MBR membrane bioreactor
ML mixed liquor
ML1, ML2 mixed liquor 1 and 2
MLSS mixed-liquor suspended solids
SMBR submerged membrane bioreactor
W water
WWTP wastewater treatment plant
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